Subcellular biomolecular localization is critical for the metabolic and structural properties of the cell. The functional implications of the spatiotemporal distribution of protein complexes during the bacterial cell cycle have long been acknowledged; however, the molecular mechanisms for generating and maintaining their dynamic localization in bacteria are not completely understood. Here we demonstrate that the trans-envelope Tol-Pal complex, a widely conserved component of the cell envelope of Gram-negative bacteria, is required to maintain the polar positioning of chemoreceptor clusters in Escherichia coli. Localization of the chemoreceptors was independent of phospholipid composition of the membrane and the curvature of the cell wall. Instead, our data indicate that chemoreceptors interact with components of the Tol-Pal complex and that this interaction is required to polarly localize chemoreceptor clusters. We found that disruption of the Tol-Pal complex perturbs the polar localization of chemoreceptors, alters cell motility, and affects chemotaxis. We propose that the E. coli Tol-Pal complex restricts mobility of the chemoreceptor clusters at the cell poles and may be involved in regulatory mechanisms that co-ordinate cell division and segregation of the chemosensory machinery.
Introduction
Asymmetric localization is a hallmark of many different bacterial proteins, including components of cell division, virulence, adhesion, development, chemotaxis, and motility (Alley et al., 1992; Marston and Errington, 1999; Steinhauer et al., 1999; Lam et al., 2006) . Genomic and proteomic approaches for identifying subcellular protein localization have expanded our understanding of asymmetric patterns of localization in bacteria (Lai et al., 2004; Kitagawa et al., 2005; Janakiraman et al., 2009; Werner et al., 2009 ) and revealed several classes of proteins that localize to the cell poles in rod-shaped bacteria. The canonical example of polarly localized proteins is the methyl-accepting chemotaxis proteins (MCPs, herein referred to as chemoreceptors) (Alley et al., 1992; Maddock and Shapiro, 1993) . This family of transmembrane chemoreceptors is required for chemotaxis and is primarily positioned at the cell poles where it forms intercommunicating clusters that are ∼ 200-400 nm in diameter (Maddock and Shapiro, 1993; Bray et al., 1998; Gestwicki and Kiessling, 2002; Zhang et al., 2007; Briegel et al., 2008; Greenfield et al., 2009; Liu et al., 2012) . The asymmetric distribution of chemoreceptors in cell membranes is evolutionarily conserved in Bacteria and Archaea (Gestwicki et al., 2000) , and recent cryotomographic studies demonstrate that the basic honeycomb lattice architecture of the arrays is conserved among chemotactic bacteria Liu et al., 2012) . Despite a deep understanding of the central role of this machinery in controlling cell behaviour and facilitating adaptation and survival (reviewed in Wadhams and Armitage, 2004; Hazelbauer et al., 2008; Miller et al., 2009; Sourjik and Armitage, 2010; Porter et al., 2011) , the mechanisms underlying its localization and the relationship between its position and function are not completely understood.
The bacterial cell poles have distinct physical features that may be involved in controlling protein positioning (reviewed in Lybarger and Maddock, 2001; Shapiro et al., 2002; Rudner and Losick, 2010) . Polar localization of the chemoreceptor clusters in Escherichia coli depends partially on the histidine kinase CheA and the adaptor protein CheW (Alley et al., 1992; Maddock and Shapiro, 1993; Skidmore et al., 2000) . CheA and CheW form a ternary complex with chemoreceptors and participate in chemotactic signal transduction. Imaging studies have revealed that chemoreceptors are inserted randomly into the lateral cytoplasmic membrane along the helically distributed Sec translocation machinery complexes and migrate to preexisting clusters (Shiomi et al., 2006) . In this model, it is unclear whether chemoreceptors are transported actively within the cytoplasmic membrane to the cell poles or diffuse passively and are trapped at the poles. Another model that has been hypothesized involves a stochastic nucleation mechanism in which cluster assembly and positioning at the cell poles depends on chemoreceptor concentration and on the distance of receptors from large chemoreceptor clusters (Thiem and Sourjik, 2008; Wang et al., 2008; Greenfield et al., 2009) .
The cell envelope of E. coli and other Gram-negative bacteria consists of the inner membrane (IM), a ∼ 2-to 4-nm-thick layer of peptidoglycan (Gan et al., 2008) positioned beyond the IM, and the outer membrane (OM). Genetic and biochemical analyses have revealed protein complexes that bridge the three layers of the cell envelope. The functions of these complexes include: performing active transport of biomolecules through the cell envelope (Skareso et al., 1993; Braun, 1995; Okuda et al., 2012) , maintaining cell envelope integrity (Bouveret et al., 1995; Bernadac et al., 1998; Lazzaroni et al., 1999; Lloubès et al., 2001) , and mediating the final steps of cell division (Gerding et al., 2007; Yeh et al., 2010) . The Tol-Pal complex ( Fig. 1A and B) is a widely conserved component of the cell envelope of Gram-negative bacteria (Sturgis, 2001 ) and its physiological roles include: maintaining cell wall integrity by mediating the physical connection between the OM and the peptidoglycan (Bernadac et al., 1998) ; expressing lipopolysaccharide surface antigens and virulence factors (Gaspar et al., 2000) ; promoting proper functioning of certain transport systems in the cytoplasmic membrane (Llamas et al., 2003) ; facilitating phage infection and translocation of group A colicins (Davies and Reeves, 1975; Click and Webster, 1997; Lazzaroni et al., 2002) ; and reducing cell sensitivity to detergents (Lahiri et al., 2011) . In many bacteria, tol and pal mutants produce chains of cells that bleb in low-osmolarity or high-ionicstrength liquids, suggesting that the complex is part of the cell division machinery and plays a role in completing cell division under conditions of membrane stress (Bernadac et al., 1998; Gerding et al., 2007) .
In E. coli, this trans-envelope complex consists of two subcomplexes ( Fig. 1A and B) . One complex is located in the IM and consists of TolA, TolQ, and TolR, which interact through their transmembrane segments with a respective stoichiometry of 4-6:2:1 (Vianney et al., 1994; Derouiche et al., 1995; Cascales et al., 2001) . TolQ spans the IM three times whereas both TolR and TolA are anchored to the IM through a single membrane-spanning region located near their N-terminus (Levengood et al., 1991; Kampfenkel and Braun, 1993; Muller et al., 1993; Vianney et al., 1994 ; A. A cartoon depicting the predicted organization of the Tol-Pal complex in the E. coli cell envelope. TolQ, TolR, and TolA are integral inner membrane (IM) proteins that interact through their transmembrane segments Lazzaroni et al., 1995; Germon et al., 1998) . TolB is a soluble periplasmic protein and Pal is anchored to the outer membrane (OM) (Lazzaroni and Portalier, 1992; Bouveret et al., 1995; Clavel et al., 1998) (see text for details). The major OM lipoprotein Lpp is not part of the Tol-Pal complex; however, it is able to interact with TolB (indicated by a dashed arrow) . Arrows indicate the interaction of the proteins in the cell envelope. B. Schematic diagram of the gene organization of the E. coli tol-pal gene cluster. The cluster is organized in two operons (ybgC-ybgF and tolB-ybgF). The ybgC gene encodes a cytoplasmic protein whereas the ybgF gene encodes a periplasmic protein. Inactivation of YbgC and YbgF induces no obvious alteration in phenotype. Arrows indicate the direction of transcription and position of promoters (Vianney et al., 1996; Muller and Webster, 1997) . Derouiche et al., 1995) . A second complex is associated with the OM and consists of TolB -a predominantly soluble periplasmic protein -and the peptidoglycan-associated lipoprotein Pal, which is anchored to the OM (Lazzaroni and Portalier, 1992; Isnard et al., 1994; Bouveret et al., 1995; . The assembly of these two subcomplexes bridges the three layers of the cell envelope through multiple interactions, including the association of the C-terminal periplasmic domain of TolA with Pal and TolB (Bouveret et al., 1995; Cascales et al., 2001; Dubuisson et al., 2002; Walburger et al., 2002) . Cross-linking studies and the isolation and characterization of suppressive mutations suggest interactions between individual components of the Tol-Pal complex and other components of the cell envelope. Pal is an abundant lipoprotein thought to interact with the peptidoglycan through a conserved α-helical motif (Koebnik, 1995; Bouveret et al., 1999) . TolB interacts with the Lpp murein (Braun's) lipoprotein and the porin OmpA (Bouveret et al., 1995; Clavel et al., 1998; Ray et al., 2000) . Additionally, both TolA and TolB form highmolecular-weight complexes with the trimeric porins OmpF, OmpC, PhoE, and LamB (Derouiche et al., 1996; Rigal et al., 1997) . The numerous interactions of the Tol and Pal components with other proteins suggest that the complex may be involved in a range of other physiological and regulatory cellular processes.
In this manuscript we demonstrate that the intact TolPal complex is required for the polar localization of chemoreceptor clusters in E. coli, cell motility, and chemotaxis. We tested whether the components of the Tol-Pal complex interact with chemoreceptors to maintain the subcellular localization of polar clusters. We found that disruption of the trans-envelope Tol-Pal complex perturbs polar localization of chemoreceptor clusters without affecting the localization of other membrane-associated polar proteins. Consistent with this interaction, the absence of the Tol-Pal complex affected both swimming and swarming cell motility. Importantly, mislocalization of chemoreceptor clusters upon deletion of the Tol-Pal complex affects chemotaxis by increasing the tumbling frequency of the cells. These results add a surprising new dimension to the subcellular organization of bacteria.
Results

Chemoreceptors localize to the cell poles in E. coli mutants lacking the anionic phospholipid cardiolipin
An emerging hypothesis is that the accumulation of anionic phospholipids at the cell poles stabilizes mechanical strain that arises due to membrane curvature, influences the local physicochemical properties of phospholipid bilayers, and positions and regulates classes of membraneassociated proteins (Romantsov et al., 2007; Renner and Weibel, 2011; Renner et al., 2013) . For example, diphosphatidylglycerol (also referred to as cardiolipin; 'CL') has been reported to accumulate at the bacterial cell poles (Mileykovskaya and Dowhan, 2000; Koppelman et al., 2001; Renner and Weibel, 2011) and interact with and regulate several membrane-associated proteins in mitochondria and bacteria (Romantsov et al., 2008; Gold et al., 2010) . Due to the spatial proximity of CL and the chemoreceptors at the poles of E. coli cells, we tested whether this phospholipid was responsible for the position of the chemoreceptors.
To visualize chemoreceptors in vivo we used plasmid pPA803, a derivative of pBR322 that codes for the expression of yellow fluorescent protein (YFP) fused to the N-terminal region of CheR (YFP-CheR) controlled by a lactose-inducible promoter (Zhou et al., 2011) . CheR is a methyltransferase that targets a specific C-terminal pentapeptide on the major chemoreceptors Tar and Tsr (Wu et al., 1996; Shiomi et al., 2002) . Importantly, YFP-CheR is functional, colocalizes with chemoreceptors, does not localize in the absence of chemoreceptors, and has been used to determine the position of chemoreceptors in vivo (Wu et al., 1996; Shiomi et al., 2002; Kentner et al., 2006; Zhou et al., 2011) (Fig. S1A-C) . We used the functional YFP-CheR as a proxy for chemoreceptor localization to prevent the influence of a fluorescent tag fused to the chemoreceptors on their clustering and localization. YFPCheR formed predominantly polar foci in cells of wild-type E. coli strain MG1655 ( Fig. 2A and B) . We detected 62 ± 0.01% [mean ± standard error of the mean (s.e.m.)] of the YFP-CheR clusters positioned approximately within the first and/or fourth quarters of the cell (which we defined as cell poles) after 1 h of overexpression at 37 o C. Approximately 38% of the chemoreceptor clusters were distributed along the lateral length of the cell between the polar regions and particularly concentrated at the mid-cell (Fig. 2B) . Only 1% ± 0.03% (mean ± s.e.m.) of the cells displayed diffused YFP-CheR signal, indicating that cluster formation was not being affected in the overexpression system (Fig. S2) . Importantly, the number of polar clusters did not change significantly after 18 h of overexpression at 25 o C [68 ± 0.03% (mean ± s.e.m.)] ( Fig. 2A ; Fig. S3A and B) .
To test whether CL at the cell poles was responsible for the polar localization of YFP-CheR, we used a CL null strain (E. coli MG1655-BKT12) in which the three enzymes (ClsA, ClsB, and ClsC) responsible for CL biosynthesis were deleted (Tan et al., 2012) . YFP-CheR displayed the same pattern of localization in E. coli strain MG1655-BKT12 as in the wild-type parent strain MG1655, suggesting that the decrease in CL content had no effect on chemoreceptor localization ( Fig. 2A and C) . As observed for the wild-type E. coli MG1655, the number of polar clusters in the CL null strain did not change significantly after 18 h of overexpression at 25 o C ( Fig. S3B and C) . We observed, however, that patterns of YFP-CheR localization were altered in other E. coli strains in which phospholipid compositions were perturbed. For example, we found that E. coli UE54 expressing YFP-CheR displayed patterns of diffuse fluorescence and lacked defined YFP puncta ( Fig. 2A and C and Fig. S2 ). E. coli UE54 is a pgsA null strain that has decreased levels of the anionic phospholipids CL and phosphatidylglycerol (PG) (Kikuchi et al., 2000; Shiba et al., 2004) . We also noticed that YFP-CheR was mislocalized in all of the individual mutant strains that served as the genetic background for construction of E. coli UE54 (i.e. E. coli strains UE49, UE51, and UE53) ( Fig. 2A  and C) . A quantitative analysis of YFP-CheR fluorescence demonstrated that the distribution of fluorescence along the length of cells in all these mutants was different from cells of wild-type E. coli strain MG1655. The only common genetic alteration in all of these E. coli UE strains in which YFP-CheR are mislocalized or unclustered is the absence of the major outer membrane lipoprotein, Lpp.
The major outer membrane lipoprotein Lpp and the Tol-Pal complex are determinants for polar localization of chemoreceptor clusters in E. coli cells
We investigated the role of the major outer membrane lipoprotein Lpp in positioning the chemoreceptors at the poles of E. coli cells. Lpp interacts both covalently and non-covalently with the peptidoglycan (Inouye et al., 1972; Braun, 1975) and contributes to the structural and functional integrity of the cell envelope (Choi et al., 1986; Shu et al., 2000) . To test whether Lpp was involved in the polar localization of YFP-CheR, we expressed YFPCheR in the Lpp null strain (E. coli MG1665 Δlpp) and observed the same pattern of localization as in the E. coli strains UE49, UE51, and UE53: that is, an increased number of YFP-CheR foci positioned along the cylindrical region of cells compared to at the poles ( Fig. 2A and C) . Similar results were observed in the Lpp null mutant E. coli JW1667 from the Keio collection (Baba et al., 2006) ( Fig. S4A and B) . This result suggests that Lpp is connected to the polar positioning of chemoreceptor clusters.
In E. coli, Lpp forms homotrimers that interact with components of the Tol-Pal complex and with the outer membrane protein A (OmpA) . The E. coli Tol-Pal complex is encoded by a cluster of seven genes organized into two transcription units (Vianney et al., 1996; Muller and Webster, 1997) and consists of five proteins that form two subcomplexes ( Fig. 1A and B) . To assess whether the Tol-Pal proteins play a role in chemoreceptor localization, we determined the position of YFP-CheR in single-gene knockouts of tolA, tolB, tolQ, tolR, and pal derived from the wild-type MG1655 and in an E. coli MG1655 mutant lacking all the Tol and Pal proteins (we refer to this strain as Δtolpal) (Fig. 2D and Fig. S5A-D) . All knockout mutants displayed characteristically mislocalized puncta, which was similar to our observation for the E. coli UE strains: fluorescent puncta positioned primarily along the cylindrical body of the cells ( Fig. 2A and C). As observed for E. coli MG1655 cells, the number of polar clusters and distribution of fluorescence along the length of cells observed in most mutants did not change significantly after 18 h of overexpression at 25°C ( Fig. 2A ; Fig. S3B and C) . Immunoblots of cell lysate showed that the YFP-CheR fusion protein was stable in UE54 and in all the tol and pal single-gene knockouts (Fig. S6) . Thus, Fig. 2 . Subcellular localization of chemoreceptors and other membrane-associated proteins in wild-type (wt) E. coli MG1655 and in various isogenic mutant strains. A. Per cent of E. coli MG1655 cells and various isogenic mutants with polarly (unipolar or bipolar) localized YFP-CheR imaged after 1 h at 37°C (black bars) and after 18 h at 25°C (white bars). Inset image: A cartoon depicting the poles as the outmost quartiles of cells (coloured in green). Here and elsewhere, cells were determined to display a 'wild-type phenotype' if all the clusters were located within the first and/or fourth quartiles of the cell. Otherwise, cells were labelled as displaying 'non-wild-type phenotype'. NaN, no polar clusters were detected. B. Fluorescence intensity profile of the subcellular distribution of YFP-CheR in wild-type E. coli MG1655 cells (n = 733) imaged after 1 h at 37°C (a.u., arbitrary units). Panel below the graph: Representative fluorescence microscopy images depicting the localization pattern of YFP-CheR in wt E. coli MG1655 cells. Microscopy images are representative of three independent experiments performed on different days. The yellow arrowhead indicates the YFP-CheR foci at mid-cell. Scale bars = 2 μm. C. Fluorescence intensity profile of the subcellular distribution of YFP-CheR in isogenic mutants of E. coli MG1655 imaged after 1 h at 37°C (a.u., arbitrary units). We superimposed the YFP-CheR fluorescence profile of the wild-type cells (in grey) on top of the profile of the isogenic mutants (in blue or red). Panel below each graph: Representative fluorescence microscopy images depicting the localization pattern of YFP-CheR in isogenic mutants. Images are representative of at least three independent experiments performed on different days. Scale bars = 2 μm. D. Growth assay of serial dilutions (left to right) of wt E. coli MG1655 and E. coli MG1655 Δtolpal. Aliquots of 10-fold serial dilutions (5 μl, 10 1 -10 4 cfu ml −1 ) from overnight cultures were spotted on control agar (LB) and agar containing 0.5% SDS. The plates were incubated at 37°C for 24 h and then at 25°C for additional 24 h. E. Per cent of E. coli MG1655 (n = 464) and E. coli MG1655 Δtolpal (n = 386) cells with polarly localized TnaA-GFP. Panel below the graph: Representative images obtained in at least three independent experiments performed on different days. F. Per cent of E. coli MG1655 (n = 601) and in E. coli MG1655 Δtolpal (n = 406) cells with polarly localized IcsA-GFP. Panel below the graph: Representative images obtained in at least three independent experiments performed on different days. To assess differences between the localization patterns in the various E. coli strains (panels A, E, and F), we performed Chi-squared tests. All tests were two-sided and statistical significance was considered when a P-value < 0.05 was observed. ns, non-significant; *P < 0.05; **P < 0.01; ***P < 0.001 compared to the wild-type phenotype. Error bars indicate the standard error of the mean. Scale bars = 2 μm.
diffused fluorescence signal inside the cells is not the result of proteolysis or degradation of the YFP-CheR fusion protein liberating the fluorescent protein. With the exception of E. coli UE54, all mutants displayed insignificant or absent diffused YFP-CheR fluorescence ( Fig.  S2 ), indicating that the mutations did not affect clustering of chemoreceptors. In addition, we verified that the Δtolpal mutant still produces chemoreceptors at levels comparable to wild-type cells (Fig. S7) . Thus, mislocalization of YFP-CheR was not due to absence of chemoreceptors in the Δtolpal mutant. To confirm that the localization of the chemosensory machinery was perturbed in the Δtolpal mutant, we used the additional functional reporter YFPCheW as a proxy for chemoreceptor localization. CheW is the adaptor protein that physically couples CheA to the chemoreceptor to regulate phosphotransfer to CheY and CheB (Hazelbauer et al., 2008; Briegel et al., 2012; Liu et al., 2012) . As observed for YFP-CheR localization, YFP-CheW formed predominantly polar foci in cells of wild-type E. coli strain MG1655 and characteristically mislocalized puncta in the Δtolpal mutant ( Fig. S8A and B) . This observation provides additional evidence that polar localization of the E. coli chemosensory machinery is significantly affected in mutants lacking proteins of the Tol-Pal complex.
There are two additional genes in the tol-pal operon ( Fig. 1B) : ybgF codes for a periplasmic protein and ybgC codes for a putative cytosolic protein (Vianney et al., 1996; Muller and Webster, 1997) . The function of these proteins has not yet been established. In contrast to our results with the other proteins encoded in the tol-pal operon, YFP-CheR remained polarly localized in ybgC and ybgF null mutants derived from E. coli strain BW25113 (Baba et al., 2006) (Fig. S9 ). These results suggest that localization of YFP-CheR is exclusively dependent on the tol and pal genes within the tol-pal operon. As an additional control, we evaluated the localization of YFP-CheR in tol and pal single-gene knockout mutants from the Keio collection and in single-gene knockout mutants lacking other IM and OM lipoproteins involved in transport, stress survival, or cell wall synthesis and remodelling, and found that YFP-CheR was only mislocalized in tol and pal mutants (Fig. S9) .
Interestingly, the tol-pal deletion (Δtolpal) had a large effect on the localization of YFP-CheR but did not affect the cellular localization of other proteins that are know to be enriched at the E. coli cell poles, including the E. coli IM-associated tryptophanase TnaA (Li and Young, 2012) and the heterologous OM protein IcsA from Shigella (Goldberg et al., 1993; Charles et al., 2001) (Fig. 1E and F) . This observation suggests that the interaction between Tol-Pal proteins and the chemoreceptors may be unique and essential for the polar localization of the chemosensory machinery, but not for other biomolecular complexes.
Deletion of Tol-Pal components causes motility and chemotaxis defects in E. coli cells
We tested whether the changes in chemoreceptor localization that accompany the absence of Tol and Pal proteins affect cell motility and chemotaxis. We assessed the motility of wild-type E. coli MG1655 and the single-gene tol and pal null mutants in motility agar. All of the singlegene mutants displayed a significant (P-value < 0.05) decrease in swimming motility compared to wild-type E. coli cells (Fig. 3A and Fig. S10A ). Plasmid-based complementation of each of the tol or pal deletion mutants reverted the swimming motility defects, with the exception of tolB (Fig. 3A and Fig. S10B ). As expected, cells of E. coli MG1655 Δtolpal also showed motility defects in swim plate assays compared to wild-type E. coli MG1655 cells (Fig. 3B) ; overexpression of individual tol and pal genes was not sufficient to revert the motility phenotype in the Δtolpal mutant ( Fig. S10C and D) . In all cases that we analysed, the overexpression of tolB completely impaired cell growth (Fig. S10B and C) , suggesting that its accumulation may be cytotoxic. We bypassed its toxicity by decreasing the concentration of inducer and successfully reverted the motility defect of the tolB knockout strain ( Fig.  S11A and B) .
Similarly, all single-gene tol and pal null mutants and the Δtolpal mutant displayed impaired swarming motility compared to wild-type E. coli MG1655 cells (Fig. 3C and Fig. S12A ). Plasmid-based complementation of each of the tol or pal deletion mutants only reverted the swarming motility defects of mutants lacking tolQ and tolR (Fig. S12B and C) . As observed in the swimming motility assay, overexpression of tolB impaired cell growth completely ( Fig. S12B and C) . Importantly, the growth parameters of wild-type E. coli MG1655 and all the mutants were identical in liquid media (Fig. S13) , suggesting that the differences observed both in the swimming and in the swarming motility assays were not caused by growth defects associated with the deletion of the tol and pal genes. To determine whether the reduction in swimming motility was related to a decrease in flagella density, we immunolabelled flagella of wild-type E. coli MG1655 and Δtolpal mutant cells. We did not detect an apparent difference in flagella density between both cell strains that could explain the dramatic reduction in the size of the motility colonies observed for the mutant E. coli MG1655 Δtolpal (Fig. 3D) . It is possible that the deletion of the tol and pal genes change the size, position, spacing, stability, structure or function of flagella (Fig. S14) ; however, we were unable to measure changes in these parameters using optical microscopy.
To further explore the role of the tol and pal genes in cell motility and verify whether the observed impairment of motility in the Δtolpal mutant was due to a decrease in cell A. Box-and-whisker plots depicting the size of the migrating colonies (n = 30) measured for each E. coli strain. The extent of the box encompasses the interquartile range of the diameter, whiskers extend to maximum and minimum diameters, and the line within each box represents the median. Outliers are represented as open black circles. Plots represent at least three independent experiments performed on different days. For complementation experiments, 50 μg ml −1 of carbenicillin and 1 mM of IPTG were added to the motility agar. ns, non-significant; NG, no growth. All tests were two-sided and statistical significance was considered when a P-value < 0.05 was observed. Box-and-whisker plots coloured in grey represent migrating colonies that were significantly different (P < 0.001) compared to the wild-type phenotype. B. Representative image of swimming colonies of wt E. coli MG1655 and E. coli MG1655 Δtolpal after 14.5 h of incubation at 30°C on swimming motility agar. Scale bar = 10 mm. C. Representative image of swarming colonies of wt E. coli MG1655 and E. coli MG1655 Δtolpal after 16 h on swarming motility agar at 30°C. The area of individual swarming colonies (n = 20) was measured using ImageJ and the mean swarming colony areas were compared using an unpaired Student's t-test of mean difference = 0. The t-test was two-sided and statistical significance was considered when a P-value < 0.05 was observed. The mean swarming colony area and the standard error of the mean for E. coli MG1655 and E. coli MG1655 Δtolpal, and the correspondent P-value are indicated below the representative image. Scale bar = 10 mm. D. Representative immunofluorescence images of wt E. coli MG1655 and E. coli MG1655 Δtolpal cells labelled with a polyclonal anti-FliC primary antibody and an Alexa Fluor 488-conjugated secondary antibody. Scale bars = 2 μm. E. Plot depicting velocity of individual cells (n = 166 for wt E. coli MG1655 and n = 118 for E. coli MG1655 Δtolpal). Error bars indicate the standard error of the mean. The mean velocity and standard error for each population are indicated below each plot. Statistical significance bar is shown and the P-value is the result of an unpaired Student's t-tests of mean difference = 0. The t-test was two-sided and statistical significance was considered when a P-value < 0.05 was observed. Analyses represent the combination of at least three experiments performed on different days. F. Representative image of cell trajectories. The images consist of an overlay of three images from two independent experiments performed on different days -each coloured line represents the trajectory of an individual cell. G. Average swimming reversal rate of wild-type E. coli MG1655 and E. coli MG1655 Δtolpal. We performed an independent sample randomization test with 10 000 simulations of differences of means using the R software. Statistical significance was considered when an approximated P-value < 0.05 was observed. velocity, we measured single cell velocities of wild-type E. coli MG1655 and E. coli MG1655 Δtolpal cells using particle-tracking algorithms. We found evidence (P-value = 0.039) of a difference in swimming velocity between these E. coli strains (Fig. 3E) ; however, it is unlikely that the difference accounts for the large defects in motility that we observed in the swimming and swarming motility assays ( Fig. 3B and C) . Further analysis of cell trajectories from the tracking experiments indicated that deleting the Tol-Pal complex may alter the trajectory of cells during runs (Fig. 3F) . To determine whether deletion of the tol and pal genes alters the motion of motile E. coli cells, we tracked cells suspended in motility buffer to determine the frequency at which cells tumble. We found that the mean (± s.e.m.) tumbling frequency of E. coli MG1655 Δtolpal cells (0.75 ± 0.09 tumbles·s , n = 95) is significantly higher (P < 0.05) than the mean tumbling frequency observed for the wild-type strain (0.54 ± 0.05 tumbles·s
, n = 102) ( Fig. 3G and Fig. S15 ). This result indicates that the Δtolpal mutant displays biased clockwise flagella rotation.
To distinguish between differences in behaviour due to motility and chemotaxis, we investigated the effect of the tol and pal genes on E. coli chemotaxis using a modified plug-in-pond assay (the μPlug assay) (Englert et al., 2009) and qualitatively measured the chemotactic response of E. coli MG1655 and E. coli MG1655 Δtolpal expressing enhanced green fluorescent protein (eGFP) (Fig. 4A-L) . Both strains displayed a random distribution of cellular responses in the presence of plugs that lacked chemoattractant ( Fig. 4F and L) . However, when cells were exposed to a plug containing L-aspartate, both wild-type E. coli MG1655 and E. coli MG1655 Δtolpal exhibited a strong response towards the attractant, which led to the accumulation of bacteria at the agarose plug-liquid interface (Fig. 4A-E sionally an absence of defined foci -yet the mislocalization of these sensors did not impair chemotaxis completely. Thus, our observations of changes in the diameter of colonies of E. coli tol and pal mutants growing in swim plates -compared to the wild-type parent strain -is likely due to the bias in cell motion that accompanies these mutations.
Tol-Pal complex components interact with chemoreceptors in E. coli cells
The IM protein TolA and the OM lipoprotein Pal are required for polar localization of the polar marker TipN in Caulobacter crescentus (Yeh et al., 2010) . We reasoned that the intact Tol-Pal complex or its individual components may either polarly localize chemoreceptor arrays or nucleate their assembly at the cell poles. To test the hypothesis that chemoreceptors interact directly or indirectly with components of the Tol-Pal complex, we performed coimmunoprecipitation (co-IP) experiments to verify potential associations between chemoreceptors and TolA or Pal.
Initially, we used TolA and Pal null E. coli strains transformed, respectively, with a plasmid containing an Nterminal HA-tagged version of the tolA gene and a C-terminal FLAG-tagged version of the pal gene. Overexpression of the modified proteins restored cell viability in agar containing SDS (Fig. S16A and B) , indicating that the tags did not extensively affect the formation and function of the native complex. However, we did not detect a band indicating an association between the chemoreceptors and the tagged versions of TolA and Pal in the immunoblot of the immunoprecipitated samples (Fig. S16C) . We reasoned that the epitope tags or the levels of the overexpressed proteins that we tested could prevent interactions with the receptors. Consequently, we used wild-type cells lacking overexpression systems to verify potential interactions.
We performed co-IP experiments with wild-type E. coli MG1655 cells; as a negative control we used the same approach in the isogenic mutant lacking the IM protein TolA (E. coli MG1655 ΔtolA). Cells treated with the membranepermeable cross-linking agent formaldehyde were lysed and suspensions were immunoprecipitated with anti-TolAcoupled beads. Analysis of the purified products by Western blot showed a band corresponding to the expected size for chemoreceptors (Fig. 5) , suggesting that TolA and chemoreceptors may interact directly or indirectly in vivo. To confirm our results, we performed a reverse co-IP with whole-cell lysate and immunoprecipitated the samples with anti-Trg-coupled beads. Similarly, analysis of the purified products showed a band corresponding to the expected size for TolA (Fig. 5) . As a positive control, in the cell lysate immunoprecipitated with anti-Trg-coupled beads we observed a band corresponding to CheA and CheW, which are known to interact directly with chemoreceptors and form a ternary complex that mediates transduction of the chemotactic signal in E. coli (Alley et al., 1992; Maddock and Shapiro, 1993; Skidmore et al., 2000; Hazelbauer et al., 2008; Briegel et al., 2012; Liu et al., 2012) . In conjunction with our localization data, this observation supports the role of the Tol-Pal complex in polar localization of chemoreceptor clusters in E. coli.
Discussion
Role of lipid composition in positioning of chemoreceptor clusters in E. coli cells
A growing number of proteins and complexes have been found to localize to the division plane and the poles in rod-shaped bacteria, making these regions of the cell attractive targets for studying spatial and temporal biomolecule organization. The cell poles exhibit several unique physical features and bacteria may exploit several of them to position proteins at these subcellular regions (recently In vivo co-immunoprecipitation (co-IP) of TolA in wild-type E. coli MG1655 and in the isogenic mutant E. coli MG1655 ΔtolA. Western blots of whole-cell lysate and elution fraction of samples immunoprecipitated with anti-TolA (α-TolA) (indicated on the left) were probed with anti-Trg (α-Trg) and with α-TolA (indicated on the right). The reverse co-IP was performed with whole-cell lysate samples immunoprecipitated with α-Trg (indicated on the left) and probed with α-TolA. As a control, Western blots of whole-cell lysate and elution fraction of samples immunoprecipitated with α-Trg were separately probed with anti-CheA (α-CheA), anti-CheW (α-CheW), and α-Trg. The α-Trg is an antiserum raised to highly purified E. coli Trg; however, it also recognizes the other E. coli chemoreceptors (Tar, Tsr, and Tap) (Morgan et al., 1993) . Because cross-reactivity of α-TolA with unknown components of the co-IP eluate generated another signal close to the band of interest (TolA), asterisks were added to facilitate visualization of TolA.
reviewed in Laloux and Jacobs-Wagner, 2014) . Several mechanisms have been formulated to account for the positioning of proteins at the bacterial cell poles, including localization of anionic phospholipid 'domains' due to curvature-induced membrane strain, and their role as landmarks for recruitment of proteins to these regions of the cell (Mileykovskaya et al., 2003; Huang and Ramamurthi, 2010; Renner and Weibel, 2011; . Consistent with this model, polar localization of the E. coli osmosensory transporter (ProP) and the mechanosensitive channel (MscS) correlated with the proportion and polar localization of CL (Romantsov et al., 2007; . We sought to test whether polar localization of chemoreceptor clusters was directly correlated with the presence and localization of CL. We observed that a CL null E. coli strain (E. coli MG1755-BKT12), in which the three known CL synthases are absent and no CL is detected (Tan et al., 2012) , displayed the same pattern of localization observed in the wild-type parent strain MG1655. Our results indicate that CL content in the membrane does not alter chemoreceptor localization ( Fig. 2A and C) .
Deletion of pgsA inhibits the last committed step in the synthesis of the two major anionic phospholipids -PG and CL -in E. coli. Anionic phospholipids are involved in essential cellular processes, including DnaA reactivation (Kitchen et al., 1999) , regulation of division plane formation (Renner and Weibel, 2012) , and SecA-dependent protein translocation across the IM (de Vrije et al., 1988; Lill et al., 1990; Hendrick and Wickner, 1991) ; however, they are not essential for cell viability (Kikuchi et al., 2000; Matsumoto, 2001; Shiba et al., 2004) . We observed diffuse localization of YFP-CheR in the pgsA null mutant E. coli UE54 and the absence of defined fluorescent puncta. The diffuse fluorescence pattern is most likely due to the reduced concentration or complete absence of chemoreceptor clusters (Fig.  S7) . Flagella immunostaining demonstrated an absence of flagella in E. coli UE54 (Fig. S17A ) and an impairment in swimming motility was confirmed in a swimming motility assay ( Fig. S17B and C) . In contrast to the UE54 mutant, the Lpp mutant strains UE49, UE51, UE53, and the CL knockout MG1655-BKT12 were motile ( Fig. S17B and C) . The mutant E. coli UE54 is originally derived from a pgsA mutant isolated during the course of the construction of a strain in which anionic phospholipids content is controlled by an inducer added exogenously (Kikuchi et al., 2000; Shiba et al., 2004) . Growth arrest in the E. coli pgsA null mutant is alleviated by the lack of the major outer membrane lipoprotein Lpp (Kikuchi et al., 2000) . Two additional mutations, namely disruption of rcsF (to suppress thermosensitivity of the lpp/pgsA double-mutant) and deletion of araC (gene encoding the transcriptional regulator of the ara operon) were introduced into E. coli strain UE54. As the absence of rcsF did not perturb the polar localization of YFP-CheR in E. coli cells (Fig. S9) , it is likely that both the absence of chemoreceptors and flagellar filaments in E. coli UE54 is a consequence of alterations in the levels of anionic phospholipids caused by the deletion of the pgsA gene. Previous studies have shown the connection between flagella biosynthesis and PG levels in E. coli (Tomura et al., 1993; Mizushima et al., 1995) . As E. coli MG1655-BKT12 cells lack CL and do not display these chemoreceptor or flagella phenotypes, we hypothesize that these defects arise from the absence of PG. Our data indicate that CL clearly does not influence polar localization of the chemoreceptors.
Role of cell wall curvature in positioning of chemoreceptor clusters in E. coli cells
Another model for the concentration of chemoreceptors at the polar region of cells is that chemoreceptor clusters may have a shape that is sufficient to sense negatively curved regions of the membrane, such as the cell poles. Biophysical models predict that protein complexes destined for the cell poles using this mechanism need to assemble into structures that have a length scale that is sufficient to sense membrane curvature (Huang et al., 2006; Lenarcic et al., 2009; Huang and Ramamurthi, 2010) . Direct sensing of cell curvature by protein complexes has been reported for SpoVM and the selfassembling protein DivIVA in Bacillus subtilis (Lenarcic et al., 2009; . To test whether chemoreceptor clusters localize to the E. coli cell poles by sensing membrane curvature, we used microengineering approaches to artificially manipulate the bacterial cell curvature. We confined filamented cells into microchannels designed to physically impose curvature in the cylindrical region of the cell body mimicking the geometry of the bacterial poles (Renner et al., 2013) and studied the localization of YFPCheR in cells with engineered curvature. The curvature imposed by the microchannels had no apparent influence on the localization or distribution of YFP-CheR (Fig. S18) ; however, we are unable to achieve a cell wall curvature that matches the cell poles. This result suggests that the geometry of the cell wall -and the subsequent straininduced organization of phospholipids within the cell membrane -is likely not the primary cue controlling the subcellular positioning of chemoreceptor clusters.
Role of auxiliary protein complexes in positioning of chemoreceptor clusters
Another hypothesized mechanism for localizing chemoreceptors at the cell poles and the septum is by diffusion through the membrane followed by direct or indirect association with proteins or protein complexes that localize to the poles. The 'diffusion-and-capture' mechanism has been hypothesized for recruitment of several polarly local-ized proteins (Bowman et al., 2008; Ebersbach et al., 2008; Ringgaard et al., 2011; Yamaichi et al., 2012) . In association with the polar transmembrane protein HubP, the ATPase ParC polarly localizes Vibrio cholerae chemoreceptors and downstream signalling proteins by actively recruiting the proteins to the cell poles before cytokinesis, ensuring that newborn cells have a cluster from the oldpole after cell division (Ringgaard et al., 2011; Yamaichi et al., 2012) . Recently, the function of the Tol-Pal complex in positioning a polar protein was reported in C. crescentus (Yeh et al., 2010) . The interaction of individual components of the Tol-Pal complex with the transmembrane protein TipN suggests that the complex may function as a molecular anchor to recruit proteins to the cell poles. Our observation that the disruption of the E. coli Tol-Pal complex affected polar chemoreceptor localization -and not clustering ( Fig. 2A and C and Fig. S2 ) -prompted us to investigate the connection between the complex and the polar positioning of chemoreceptor clusters. We found evidence of an interaction between the IM transmembrane protein TolA and the chemoreceptors (Fig. 5) . It is possible that the chemoreceptors interact with other IM components of the Tol-Pal components. Alternatively, cell envelope defects created by inactivation of the Tol-Pal complex may disrupt the interaction between chemoreceptor clusters and unknown positioning factors. Forward genetic screens may be useful for identifying these factors. We observed polar localization of the polar proteins TnaA and IcsA in cells containing Tol-Pal defects ( Fig. 2E and F) , which suggests that membrane integrity mediated by the Tol-Pal complex may be particularly required for maintaining polar localization of chemoreceptor clusters or a subset of polar proteins.
Cell motility and chemotaxis defects in Tol-Pal mutants
The impairment of cell motility in cells lacking a Tol-Pal complex has been reported previously in Pseudomonas putida (Llamas et al., 2000) . Similarly, we observed that the disruption of the Tol-Pal complex significantly affects both E. coli swimming and swarming motility ( Fig. 3A-C; Figs S10A-D, S11A and B and S12A-C). Single-cell tracking revealed that the Δtolpal mutant has enhanced clockwisebiased flagellar rotation ( Fig. 3F and G) , which may reflect a defect in the phosphorelay cascade or in the sensory adaptation system. Interestingly, although the mutants that display mislocalization of chemoreceptors caused by disruption of the Tol-Pal complex show motility and chemotaxis defects, they are still able to sense chemical gradient (Fig. 4G-L) . Clustering of the ternary complexes -chemoreceptors, CheA, and CheW -is thought to play an essential role in chemotaxis signalling, and chemoeffector amplification and adaptation (Bray et al., 1998; Shimizu et al., 2000; Gestwicki and Kiessling, 2002; Sourjik and Berg, 2002; reviewed in Sourjik and Armitage, 2010) . However, the role of chemoreceptor polarity on cell physiology and behaviour is not completely understood. We tested a range of concentrations of chemoattractant (50 μM to 3 mM of L-aspartate) to verify whether the sensitivity of the system was affected in Δtolpal mutants in which the chemoreceptor clusters were mislocalized. We did not observe dramatic changes in cell response over time (data not shown); however, it is possible that the lowest concentration of L-aspartate that we tested in the μPlug assay masks potential differences in sensitivity between the wildtype and Δtolpal mutant cells. The chemotactic response may be optimized for polarly localized machinery because accumulation at the poles favours the assembly of larger chemoreceptor lattices (Maddock and Shapiro, 1993; Thiem et al., 2007; Greenfield et al., 2009 ) that may have maximum sensitivity.
Positioning of chemoreceptors clusters mediated by the Tol-Pal complex
We envision a mechanism for the Tol-Pal-mediated polar localization and accumulation of E. coli chemoreceptor clusters as depicted in Fig. 6 . As newly synthesized chemoreceptors are inserted into the cytoplasmic membrane, the individual receptors freely migrate within the IM phospholipid bilayer to join existing clusters or nucleate new ones (Fig. 6A) . The stochastic nucleation model of clustering and positioning suggests that the distribution of receptors is distance-dependent and large clusters form in regions of the cell that are furthest from large existing clusters (Thiem et al., 2007; Thiem and Sourjik, 2008; Wang et al., 2008; Greenfield et al., 2009) . Therefore, in a cell with large clusters at both poles, new clusters will preferentially form at the mid-cell, which is the location furthest from both poles (Fig. 6B) . The E. coli Tol-Pal complex, in co-ordination with other structural proteins such as Lpp, may restrict the diffusion of polar and mid-cell chemoreceptor clusters. The distance-dependent chemoreceptor nucleation mechanism results in a periodic distribution of clusters along the cell body that is coincident with future division sites (Thiem et al., 2007; Thiem and Sourjik, 2008; Wang et al., 2008) . We propose a mechanism in which the Tol-Pal complex imposes a physical barrier that favours the accumulation of the clusters at the poles and division site (Fig. 6C and D) . Previous studies have suggested that unknown periodic structures positioned at the future cell division sites may assist in the segregation of the receptors (Thiem et al., 2007) . A mechanism that co-ordinates the position of the chemosensory proteins and cell division assures that each daughter cell inherits an intact chemosensory system.
The positioning of the lateral chemoreceptor clusters in E. coli is independent of the MinCDE division plane A. As newly synthesized chemoreceptors are inserted into the cytoplasmic membrane, the individual receptors migrate freely within the IM and join existing clusters or nucleate new ones. B. Receptor distribution is distance-dependent and clusters accumulate in regions that are furthest from existing clusters (Thiem et al., 2007; Thiem and Sourjik, 2008; Wang et al., 2008; Greenfield et al., 2009) . C and D. The Tol-Pal complex localizes to the division plane in early predivisional cells to facilitate constriction of the outer membrane during cell division (Gerding et al., 2007) . This trans-envelope complex may restrict the mobility of polar and mid-cell chemoreceptor clusters by creating a physical barrier that favours their accumulation at these cellular locations. Dashed arrows denote receptor diffusion within the membrane. Green ellipses represent the Tol-Pal complex and brown ellipses represent chemoreceptors. See the text for an additional explanation and discussion. positioning system (Thiem et al., 2007) . In support of the role of the Tol-Pal complex in the polar positioning of chemoreceptors, Tol and Pal proteins have been reported to localize dynamically during the E. coli cell cycle and form a subcomplex of the division apparatus in Gramnegative bacteria (Gerding et al., 2007) . The Tol-Pal complex is held together by transient interactions near the septal ring during early stages of cell wall constriction and co-ordinates with the divisome to mediate the invagination of the OM during cytokinesis (Gerding et al., 2007) . Similarly, components of the C. crescentus Tol-Pal complex localize to the division plane in early predivisional cells and remain predominantly at the new pole of swarmer and stalked progeny upon completion of division (Yeh et al., 2010) . The role of the Tol-Pal complex in chemoreceptor positioning may not be a general mechanism in Gramnegative bacteria. However, a conceptually similar mechanism co-ordinating cell division, chromosome partitioning, and segregation of the chemotaxis machinery has been recently reported. In some polar-flagellated bacteria such as Vibrio, chemoreceptor cluster positioning relies on the proteins HubP and ParC, which have a cell cycle-dependent localization pattern and actively recruit chemosensory proteins to the cell poles (Ringgaard et al., 2011; Yamaichi et al., 2012) . In contrast, the positioning of membrane chemoreceptor clusters in Rhodobacter sphaeroides is not correlated with future division sites, and neither FtsZ or MreB affect localization of the receptors (Chiu et al., 2013) . Thus, it is apparent that different organisms may use diverse mechanisms to orchestrate the positioning and segregation of the chemosensory machinery and cell division.
In summary, our results demonstrate that the intact E. coli Tol-Pal complex is required for polar localization of chemoreceptors clusters. Polar accumulation of receptor arrays occurs independently of the lipid composition of the cytoplasmic membrane and may not be dictated by the geometry of the cell poles. Mutations that prevent the trans-envelope connections of the Tol-Pal complex and cause mislocalization of chemoreceptors affect cell motility and chemotaxis. Cumulatively, our data suggest that the E. coli Tol-Pal complex interacts with chemoreceptors and restricts the diffusion of receptor arrays. This mechanism may establish and maintain the polar localization of chemoreceptors at specific regions of the cell and may be component of a regulatory mechanism that co-ordinates cell division with segregation of the chemosensory machinery.
Experimental procedures
Bacterial strains and growth conditions
Escherichia coli cells were grown aerobically in lysogeny broth (LB) [1% (w/v) tryptone, 0.5% (w/v) yeast extract, and 1% (w/v) NaCl] or in LB medium containing 1.5% (w/v) agar (LB agar) at 37°C, unless otherwise indicated. We added ampicillin (50 μg ml −1 ), carbenicillin (50 μg ml −1 ), chloramphenicol (25 μg ml −1 ), and kanamycin (30 μg ml −1 ) to the medium or agar as needed. Chemicals and culture media reagents were obtained from BD Biosciences (San Jose, CA), Fisher Scientific (Itasca, IL) and Sigma-Aldrich (St. Louis, MO). E. coli strains and plasmids used in this work are listed in Table S1 .
Genetic methods
Standard recombinant DNA procedures and manufacturer protocols were used for genomic and plasmid DNA purification, restriction endonuclease digestion, DNA amplification, gene cloning, transformation, and mutagenesis. Genomic DNA from E. coli strains was isolated with the MasterPure™ DNA Purification Kit (Epicentre, Madison, WI) according to the manufacturer's instructions. Oligonucleotide primers were obtained from IDT (Coralville, IA) and restriction enzymes were from Promega (Madison, WI) or New England Biolabs (Ipswich, MA). We used platinum PfuUltra II Fusion HS DNA polymerase (Agilent Technologies/Stratagene, Santa Clara, CA) to produce DNA for cloning and mutagenesis, and GoTaq DNA polymerase (Promega) for general analytical PCR. Control reactions were always tested sideby-side. Plasmid constructs were purified using a QIAprep Miniprep Kit (Qiagen, Valencia, CA) and verified by PCR and DNA sequencing. We used electroporation (Sambrook and Russell, 2001) or chemical methods (Chung et al., 1989) to transform E. coli strains with plasmids. Chromosomal deletions, genetic integration, and removal of antibiotic resistance cassette FRT-kan-FRT were performed using lambda-red method recombination (Datsenko and Wanner, 2000) . P1 phage transduction (Miller, 1992) was used, whenever possible, to transfer the FRT-kan-FRT cassette between E. coli strains. We verified chromosomal deletions and integrations by testing for the presence of antibiotic markers and by PCR analysis and DNA sequencing. In addition, we verified the successful deletion of tol and pal mutants by determining the susceptibility of these mutants to 0.5% SDS. All primers used in this study are listed in Table S2 .
Fluorescence microscopy, image and data analysis
Escherichia coli cells harbouring the plasmid pPA803 (encoding a functional YFP-CheR fusion) (Zhou et al., 2011) were grown overnight in LB broth, diluted (1:100) in 5 ml of fresh LB broth and incubated at 37°C with agitation (200 r.p.m.) until an absorbance of 0.6 (λ = 600 nm) was reached. We induced expression of the fluorescent fusion protein by adding 100 μM of isopropyl β-D-1-thiogalactopyranoside (IPTG) and additional incubation for 1 h at 37 o C with agitation (200 r.p.m.). E. coli cells harbouring a functional chromosomal TnaA-GFP fusion (Li and Young, 2012) were grown overnight in tryptone broth (TB) [1% (w/v) tryptone, 0.5% (w/v) NaCl], diluted (1:100) in 5 ml of fresh TB and incubated at 37 o C with agitation (200 r.p.m.) until mid-log phase. Overnight cultures of E. coli cells harbouring the plasmid pMAC382 (encoding an IcsA-GFP fusion) (Charles et al., 2001) were grown in M9 minimal medium [1× M9 salts (17 mM NaCl, 9 mM NH4Cl, 22 mM KH2PO4, 48 mM Na2HPO4·7H2O), 0.1 mM CaCl2, 2 mM MgSO4, 0.4% (w/v) glucose] containing 0.2% (v/v) glycerol, diluted (1:100) in 5 ml of fresh M9 minimal medium and incubated at 37°C with agitation (200 r.p.m.) until an absorbance of 0.6 (λ = 600 nm) was reached. We induced expression of the fluorescent fusion protein by adding 0.2% (w/v) of L-arabinose and additional incubation in the dark for 1 h at 25°C with agitation (200 r.p.m.).
We added an aliquot (4 μl) of the induced culture on 2% (w/v) agarose pads prepared in 1× PBS buffer [137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.76 mM KH2PO4) (pH 7.4)], covered the samples with a glass coverslip and imaged the cells at 25°C on an inverted Nikon Eclipse TE2000 epifluorescence microscope equipped with a shuttered black and white Andor iXon EM + DU-897 electron-multiplying chargecoupled-device (EMCCD) camera (Andor Technology, South Windsor, CT). Images were acquired using a ×100 objective (Nikon Plan Apo 100/1.40 oil DM) and the Metamorph software program (Version 7.5.6.0) (MDS Analytical Technologies, Downington, PA). Data were collected on the EMCCD using an exposure time of 33 ms; for fluorescent images we used an electron-multiplying (EM) gain of 100.
To analyse the localization of proteins in E. coli cells, we created fluorescence intensity profiles of cells using the MATLAB-based program (MathWorks, Natick, MA), MicrobeTracker (Sliusarenko et al., 2011) . Briefly, the average background fluorescence was subtracted from the specific fluorescence measured in cells. Cells were segmented, a spline was fit to the mid-point of each segment (to determine cell length), and the total fluorescence in each segment was determined. The sum of the integrated fluorescence of the segments was normalized to the total integrated fluorescence from an entire cell, which verified that segmentation did not introduce any artefacts. The relative position of the target protein was determined by comparing the fluorescence intensity of segments to their spatial position. We only analysed predivisional cells and verified the position of proteins by manual inspection. To display the images, we overlaid phase contrast and the corresponding fluorescence images and false-coloured them using Adobe Photoshop CS5; no further adjustments or other image processing was performed. To compare the differences between the localization patterns in the various E. coli strains, we performed Chi-squared tests. We considered a P-value < 0.05 to indicate statistically significant data.
Motility assay
Analysis and quantification of the swimming and swarming motility phenotypes were performed as described previously (Copeland et al., 2010) , with minor modifications. We measured the diameter of swimming migrating colonies in 0.25% (w/v) agar gel infused with nutrient broth [1.0% (w/v) peptone, 0.5% (w/v) NaCl, 0.3% (w/v) beef extract], herein referred to as swimming motility agar. We measured the area of swarming migrating colonies in 0.45% (w/v) Eiken agar infused with nutrient broth [1.0% (w/v) peptone, 0.5% (w/v) NaCl, 0.3% (w/v) beef extract] and 0.5% (w/v) glucose, herein referred to as swarming motility agar. Briefly, we poured 50 ml of warm motility agar into 150 × 15 mm Petri dishes, solidified the agar at 25°C for 50 min, and removed excess liquid from the surface by storing the plates in a laminar flow hood for 20 min with the covers of the dishes ajar. We inoculated the surface of motility agar with 4 μl of a fresh E. coli cell suspension, containing approximately 10 5 cfu ml −1 , diluted in 1× PBS buffer (pH 7.4) and incubated the plates at 30°C at ∼ 90% relative humidity in a static incubator. We measured the diameter of the swimming colonies after 14.5 h and the area of the swarming colonies after 16 h. For complementation experiments, we used the same procedure described above with a minor modification: swimming or swarming motility agars were supplemented with the appropriate antibiotic and 1 mM or 0.1 mM IPTG. To test for differences between motility phenotype in the various E. coli strains, we performed oneway or two-way ANOVA followed by Tukey's multiplecomparison post-test. We considered a P-value < 0.05 to indicate statistically significant data.
Immunofluorescence microscopy of E. coli flagella
We performed flagella immunostaining of E. coli MG1655 and of the isogenic mutant MG1655 Δtolpal cells as described previously (Tuson et al., 2013) , with minor modifications. We harvested 500 μl of overnight cultures at 2500 g for 5 min at 25°C and gently resuspended the cells in the same volume of 1× PBS buffer (pH 7.4). We diluted (1:50) the cell suspension and added 2 aliquots of 15 μl to each chamber. The remaining procedure was performed according to that described by Tuson et al. (2013) . Both the primary antibody (anti-FliC) and the secondary antibody (Alexa Fluor 488-conjugated goat anti-rabbit IgG) (Invitrogen, Grand Island, NY) were diluted 1:100 in blocking buffer. Cells were imaged at 25°C using an inverted Nikon Eclipse Ti microscope equipped with a Photometrics CoolSNAP HQ2 charge-coupled-device (CCD) camera (Photometrics, Tucson, AZ). Images were acquired using a ×100 oil objective (Nikon Plan Apo 100/1.40 oil Ph3 DM) and the Nikon Instruments Software (NIS)-Elements Advanced Research (AR) microscope imaging software program (Version 4.000.07) (Nikon, Melville, NY).
Cell velocity measurements
We measured the velocity of individual E. coli MG 1655 and MG1655 Δtolpal cells (in μm s −1 ) using a particle-tracking algorithm, as described previously (Copeland et al., 2010; Tuson et al., 2013) , with minor modifications. Briefly, cell cultures were grown overnight at 37°C in TB. Saturated overnight cells cultures were diluted 1:100 into 10 ml of fresh TB and grown in 250 ml Erlenmeyer flasks at 37 o C with agitation (200 r.p.m.). We harvested cells in the mid-log phase (absorbance of 0.8, λ = 600 nm), centrifuged an aliquot (1 ml) of the cell suspension for 5 min at 2000 g at 25°C, and gently resuspended the cells in the same volume of motility buffer [0.01 M KPO4, 0.067 M NaCl, 10 −4 M EDTA (pH 7.0)] (Turner et al., 2000) , containing 0.1 M glucose, and 0.001% (w/v) Brij-35. A 20 μl aliquot of the suspension diluted 1:1000 in motility buffer containing 0.1 M glucose, and 0.001% (w/v) Brij-35 was placed inside a ring of Apiezon M grease on pre-cleaned glass slides and sealed with a #1.5 mm glass coverslip. We imaged cell motility using a Nikon Eclipse 80i phase contrast upright microscope and a black and white Andor LucaS EMCCD camera (Andor Technology). Images were acquired using a ×40 ELWD dry objective (Nikon Plan Fluor 40/0.60 dry Ph2 DM). Motility videos consisting of 300 frames were collected with a 33 ms exposure time (30 frames per second). Microscopy data were analysed using MATLAB (MathWorks) by identifying the centre of mass of each bacterium in successive frames and grouping those points together to create a cell trajectory, from which we determined the mean cell velocity. Only tracks that had more than 30 frames (i.e. more than 1 s) -a minimal total length of 10 μm, and a minimal displacement of 5 μm -were used. Cells that moved in a constant tumbling or wobbling manner or stuck to the coverslip were manually discarded from the analysis. To compare the mean velocity of the two populations, we performed an unpaired Student's t-test and considered a P-value < 0.05 to indicate statistically significant data.
We visually determined the reversals in swimming direction of E. coli MG1655 and MG1655 Δtolpal cells. Three individual experiments were performed and in each experiment at least 30 cells were analysed. Cells were tracked for as long as possible, the number of reversals was counted, and the reversal frequency was calculated as the number of reversals per second per cell. For each experiment, we calculated the average reversal frequency. We compared the reversal frequency using a randomization (permutation) test (10 000 simulations of differences of mean) and considered a P-value < 0.05 to indicate statistically significant data.
Chemotaxis assay
We qualitatively measured the chemotactic response of E. coli MG1655 and of MG1655 Δtolpal using a modified plugin-pond assay (the microplug assay: μPlug) as described previously (Englert et al., 2009) , with minor modifications. Briefly, E. coli containing the enhanced green fluorescent protein (eGFP)-encoding plasmid ptetEGFP were grown overnight at 37°C in LB containing 50 μg ml −1 of ampicillin. Saturated overnight cultures of cells were diluted 1:100 into 10 ml of fresh LB containing 50 μg ml −1 of ampicillin and grown in 125 ml Erlenmeyer flasks at 37°C with agitation (200 r.p.m.) . When the cell cultures reached an absorbance of 0.8 (λ = 600 nm) we induced expression of the fluorescent protein by adding 200 ng ml −1 of anhydrotetracycline (aTc) for 1 h. We harvested an aliquot of the cell suspension (1 ml), centrifuged for 5 min at 2000 g at 25°C, and gently washed and resuspended the cells in the same volume of motility buffer containing 0.001% (w/v) Brij-35. We examined cells by phase contrast microscopy to ensure robust motility and normal run-tumble swimming behaviour. Cells were loaded into the microfluidic chamber containing the μPlug [0.5% (w/v) agarose dissolved in motility buffer containing 0.001% (w/v) Brij-35] infused with 1 mM of L-aspartate or with motility buffer (negative control). Cells were imaged at 25°C for 1 h with a time-lapse of approximately 1 min using an inverted Nikon Eclipse Ti microscope equipped with a Photometrics CoolSNAP HQ2 CCD camera (Photometrics, Tucson, AZ). Images were acquired using a ×4 (Nikon Plan Apo 4/0.2) dry objective and the NIS-Elements AR microscope imaging software program (Version 4.000.07) (Nikon, Melville, NY). We used IGOR Pro (Version 6.6A2) (WaveMetrics, Lake Oswego, OR) to analyse the images and calculate the total fluorescence intensity profiles.
Co-immunoprecipitation (co-IP)
Escherichia coli MG1655 and E. coli MG1655 ΔtolA cells were grown overnight in LB broth, diluted (1:100) in 500 ml of fresh LB broth, and incubated at 37°C with agitation (200 r.p.m.) for 5 h. For experiments in which we used E. coli MG1655 cells harbouring the plasmid(s) encoding the tagged versions of the proteins of interest, E. coli MG1655 ΔtolA and E. coli MG1655 Δpal cells were grown overnight in LB broth containing the adequate antibiotic, diluted (1:100) in 500 ml of fresh LB broth, and incubated at 37°C with agitation (200 r.p.m.) until reaching an absorbance of 0.6 (λ = 600 nm). We induced expression of the HA-tagged TolA and the FLAGtagged Pal by adding 0.04% (w/v) of L-arabinose and 1 mM IPTG, respectively, for 3 h. We harvested cells by centrifuging the cultures for 20 min at 5000 g at 4°C, washed the pellets in 30 ml of co-IP buffer [20 mM HEPES (pH 7.5), 100 mM NaCl, and 20% (v/v) glycerol] by centrifuging for 10 min at 12 000 g at 4°C, and resuspended the cell pellets in 30 ml of co-IP buffer containing 0.05% (v/v) of Triton X-100. We treated the cell suspension with formaldehyde to a final concentration of 1% for 30 min at room temperature on a rotatory platform, and quenched the mixture with 0.125 M of glycine. We added 20 mg of lysozyme and 1 mM of phenylmethylsulphonyl fluoride (PMSF) to the mixture, incubated for 30 min at 4°C on a rotatory platform, and lysed the cells by one passage through a French pressure cell press (American Instrument Company, Silver Springs, MD) at 1000 lb in −2 . We incubated the suspension for 30 min at 4°C on a rotatory platform and removed the insoluble material by centrifuging the cell lysate for 30 min at 12 000 g at 4°C. We collected 10 ml of the supernatant and incubated with anti-TolA (1:2000), anti-Trg (1:5000), anti-FLAG (1:2000) (Thermo Scientific, Rockford, IL), or anti-HA (1:2000) (Thermo Scientific, Rockford, IL) at 4°C for 18 h. Subsequently, we added agarose beads conjugated with Protein A/G (sufficient for binding 2.5 mg of IgG; Thermo Scientific) and incubated the mixture for 18 h at 4°C on a rotating platform. We pelleted the beads by centrifuging for 3 min at 2000 g at 25°C, washed them three times with 3 ml of co-IP buffer, and washed three times with 3 ml of wash buffer [50 mM Tris-HCl (pH 7.4) and 150 mM NaCl]. After the last wash, we removed the supernatant, resuspended the beads in 100 μl of 1× Laemmli sample buffer [62.5 mM Tris·Cl (pH 6.8), 25% (v/v) glycerol, 2% SDS (w/v), 0.01% (w/v) bromophenol blue] containing 5% (v/v) of β-mercaptethanol, and eluted the bound proteins by incubating the mixture for 15 min at 100°C. We centrifuged the samples at 12 000 g for 3 min to pellet the agarose beads and collected the supernatant to perform the immunoblot experiments.
SDS-PAGE and immunoblot analysis
All sample fractions were analysed on a 12.5% SDS-PAGE gel at 150 V for 60 min in protein electrophoresis buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3). Following electrophoresis, we transferred proteins to an Amersham Hybond ECL nitrocellulose membrane (GE Healthcare, Pittsburgh, PA) for 2 h at 400 mV in transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol). The nitrocellulose membrane was rinsed three times with deionized water and blocked overnight at 4 o C overnight in 5% non-fat dry milk in TBST buffer [20 mM Tris, 137 mM NaCl, 1% (v/v) Tween-20] (pH 7.6). Blots were washed three times for 10 min in TBST buffer. Primary antibody was diluted in TBST and blots were incubated in this solution for 1 h. Subsequently, we washed blots three times for 10 min in TBST. Rabbit anti-mouse or goat anti-rabbit IgG secondary antibody conjugated to horseradish peroxidase (HRP) (Thermo Scientific) was diluted in TBST, and blots were incubated in this solution for 1 h. Blots were washed three times for 10 min in TBST and developed for chemiluminescence analysis using the Pierce ECL Western Blotting Substrate (Thermo Scientific). Antibody dilutions were as follows: anti-Trg at 1:2000; anti-Pal at 1:2000; anti-TolA at 1:2000; anti-FLAG monoclonal antibody (Thermo Scientific) at 1:2000, anti-HA monoclonal antibody (Thermo Scientific) at 1:2000, anti-6×His monoclonal antibody (Thermo Scientific) at 1:2000, HRP-conjugated goat anti-rabbit IgG (Thermo Scientific) at 1:5000, HRP-conjugated rabbit anti-mouse IgG (Thermo Scientific) at 1:5000; anti-GFP monoclonal antibody (Thermo Scientific) at 1:2000.
Statistical analysis
All statistic testes used in our analysis were two-sided, and P-values < 0.05 were considered significant. Statistical analyses were performed using the computing environment R (Version 3.0.1) (R Development Core Team, 2005; http:// www.r-project.org/).
